High efficiency in the extraction, transmission and detection of single and entangled photons is one of the most significant factors to provide general usage and to suppress the bit-error rate in optical communication networks. We propose and realize metal embedded nanostructures with quantum dots (QDs) as photon sources to meet these challenges on the emitter side. Advantages of the process are the ability of fast nanometer-scale fabrication and the high reproducibility and yield. Mesas with typical taper angles of 20-30° and diameters between 100 nm and 1 µm were produced; these nano-structures are referred to as "cones" in this work. The dependence of the taper angle on the composition of the etched cone material is discussed, focusing on the contribution of Indium. The nano-cones used as photon sources were embedded in highly reflective metal and turned upside down to provide efficient and partly directed photon extraction. We present the selection of 1.35 µm photons emitted from a single QD as a result of embedding only a small number of dots in a nanometer sized cone.
Introduction
Quantum information processing and cryptography require high quality sources for single-photons and entangled photon pairs. Devices based on the luminescence from single self-assembled QDs are powerful candidates for such single and entangled photon sources [1] [2] [3] [4] [5] [6] [7] [8] . Due to the wide achievable spectral range from the ultraviolet to the near infrared, QDs can be used both in free space and in fiber-based communication networks at around 1.31 and 1.55 µm. The latter wavelength ranges are favorable for low loss transmission in networks of larger sizes, which is an essential requirement for efficient operation with a low bit-error rate.
To date, the main part of related reports is based on (In,Ga)As QDs grown on GaAs substrates where the wavelength range is limited to a maximum of 1.3 m. [9] [10] [11] However, (In,Ga)As QDs grown on InP substrates with double-cap procedure have been reported as deterministic single photon sources (DSPs) at 1.55 m. [12] [13] [14] Recently, K. Takemoto et al. reported the inclusion of QDs into 22-tapered cones to avoid the backward propagation of emitted photons. They demonstrated a ten times enhanced photon extraction efficiency compared to bare self-assembled QDs.
In this paper, we report on our approach to realize a practical single photon source based on (In,Ga)As QDs, along with the ability of large scale fabrication. High density QDs (around 10 11 per cm 2 ) grown on InP substrates were tailored to emission wavelengths larger than 1.3 m. Using these QD samples sub-micrometer sizes tapered cones were fabricated, which contain only a small number of QDs. As shown in the schematic figure 1 the tapered geometry was chosen in order to direct the emitted photons to the desired direction and to reduce losses inside the nanostructure. We present micro-photoluminescence (-PL) spectra of nano-cones which feature 
Cone Fabrication
The high density QD hetero-structures were grown by molecular beam epitaxy (MBE) We used a high density QD sample to ensure having dots embedded in cones of all fabricated sizes. In order to extract single QD luminescence from such a high density QD ensemble, the precise fabrication of small nanostructures with a good surface roughness is a crucial process. As shown in the SEM images in figure 4 , we fabricated 25-28° tapered cones, based on the given angle definition (figure 4 (d)). We found that the mask etching rate and the high contrast EB writing are the most significant factors for the precise control of the cone size and shape. Furthermore, we carefully considered the impact of the remaining amount of SiO 2 on the nano-fabrication. We found that the amount and shape of the remaining SiO 2 and HSQ depends on the cone tip diameter and that it can be gradually reduced due to strong isotropic etching. The appearance of such formations is characteristic for SiO 2 (and also for the HSQ resist) without an impact on the nanostructure size 15) ; however, this effect can contribute to enhance the taper angle of the nano-cones. As shown in figure 4 the taper angle is increasing with reducing the cone size and thus the SiO 2 and HSQ amount on top. All these cones of different diameters were fabricated under the same etching condition at room temperature using Mesas etched from an Aluminum containing compound, i.e., Al 0.2 Ga 0.8 As, are no longer straight but exhibit slightly enhanced taper angles of 2-8° ( figure 5 (b) ). In strong contrast to the two afore described cases the inclusion of Indium in the etched compound appears to be the key to produce strongly tapered mesas, i.e., cone structures.
The fabricated In 0.53 Al 0.22 Ga 0.25 As mesas exhibit typical taper angles between 20 and 30° ( figure 5 (c) ). The etching studies for the composition dependence of the taper angles were again all performed under the same etching conditions, as specified above.
However, in the case of room temperature etching of the Indium-rich compound the substrate surface appears very rough because of the large amount of remaining Indium atoms. The Indium component is etched with Cl 2 (or CCl 4 ) gas, but to obtain a smooth surface the substrate must be heated to above 200 C to avoid Indium adsorption. 16, 17) It has to be mentioned that the problem of enhanced surface roughness addressed before does not influence the quality of the nanostructures, the cone surface is clean and smooth as shown in figure 5 (c).
Titanium-Embedded Cone

Fabrication
Different sized cones were embedded in metal according to the three step process which figure 7 (b) ; a nano-cone of this size was used for the PL spectroscopy discussed in the next paragraph.
Micro-Photoluminescence
Low temperature µ-PL spectroscopy was performed under non-resonant excitation on a number of Ti-embedded nano-cones with sizes down to approximately 100 nm bottom classification and prove of single QD and single photon emission will be performed in a separate experiment using photon statistics, i.e., second-order correlation spectroscopy.
Conclusion
We present an approach of fabricating precise nano-cone structures from high-density 
